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and adiposity: associations with risk factors
for cardiometabolic disease and cognitive
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Abstract

Background: The cross-sectional associations between physical activity, physical fitness and adiposity with risk
factors for cardiometabolic disease (particularly novel ones such as inflammatory cytokines) and cognitive function
across the period of adolescence are not well understood. Additionally, novel physical activity metrics that summarise
activity volume and intensity in a continuous manner have not been investigated in this context. Therefore, this study
investigated the cross-sectional associations between physical activity, physical fitness and adiposity with risk factors
for cardiometabolic disease and cognitive function. These associations were compared between younger and older
adolescents.

Methods: Seventy younger (11-12y, 35 girls) and 43 older (14-15y, 27 girls) adolescents volunteered to take part

in the study. Physical fitness (multi-stage fitness test, MSFT) and adiposity (waist circumference) were determined,
followed 7d later by resting blood pressure, a fasted blood sample (glucose, plasma insulin, IL6, IL10, IL15 and IL-13
concentrations) and a cognitive function test battery. Habitual physical activity was monitored via hip-worn acceler-
ometers over this 7-d period and the average acceleration (activity volume), and intensity gradient (intensity distribu-
tion of activity) were determined.

Results: Average acceleration and intensity gradient were negatively associated with mean arterial blood pressure
(B=-0.75 mmHg, p=0.021; 3 =-10 mmHg, p=0.006, respectively), and waist circumference was positively associated
with IL-6 concentration (3 =0.03%, p =0.026), with stronger associations observed in older adolescents. Higher physi-
cal fitness (MSFT distance) was positively associated with anti-inflammatory IL-15 concentration (3 =0.03%, p =0.038)
and faster response times on the incongruent Stroop task (3 =-1.43 ms, p=0.025), the one-item level of the Stern-
berg paradigm (3 =-0.66 ms, p=0.026) and the simple (3 =0.43 ms, p =0.032) and complex (3 =-2.43 ms, p=0.020)
levels of the visual search test, but these were not moderated by age group.
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Conclusions: The present study highlights the important role of physical activity (both the volume and intensity dis-
tribution) and physical fitness for cardio-metabolic health. Furthermore, the present study highlights the importance
of physical fitness for a variety of cognitive function domains in adolescents, irrespective of age.

Keywords: Physical activity, Accelerometery, Cardiometabolic health, Cognitive function, Adolescents, Physical

fitness, Adiposity

Background

Although young people do not typically present with
cardiometabolic diseases such as cardiovascular disease
and type 2 diabetes [1], the risk factors for these condi-
tions are present during the early years of life [1, 2] and
track into adulthood and influence lifelong health [3].
During adolescence, the body undergoes many develop-
mental changes [4], which can lead to a state of insulin
resistance, and is further complicated by excess adiposity
during this period [5]. Indeed, the number of adolescents
with type 2 diabetes is increasing each year [6]. Thus,
adolescence is a crucial time to identify the prevalence of
risk factors for cardiometabolic disease, and their asso-
ciations with related behaviours and characteristics, such
as adiposity and physical fitness, which are modifiable.
In addition to cardiometabolic health, the importance
of cognition during adolescence has been recognised, as
it is related to lifelong physical and mental health [7], as
well as academic performance [8]. However, despite the
importance of cardiometabolic health and cognition dur-
ing adolescence, the associations between key modifiable
lifestyle factors (such as physical activity, physical fitness,
and adiposity) and risk factors for cardiometabolic dis-
ease and cognitive function during adolescence are rela-
tively unexplored.

The role of device-measured physical activity is of
particular interest, given that physical activity is central
to UK national [9] and global [10] guidelines for well-
being. Whilst it is generally accepted that physical activ-
ity has beneficial effects on traditional risk factors for
cardiometabolic disease such as blood pressure [11, 12]
and insulin sensitivity [12] in boys and girls between
10-19 years of age; much less is known about the impact
of physical activity on novel risk factors for cardiometa-
bolic disease. A key novel risk factor for cardiometabolic
disease that has been studied more recently is elevated
cytokine concentrations, a marker of low-grade chronic
inflammation [1, 13]. In the few studies conducted to
date, no association was found between physical activ-
ity and IL-6 concentration in boys and girls aged 13 — 17
y [14, 15] and no studies have examined other cytokines
related to low-grade inflammation (such as IL-1f, IL-10,
IL-15). Additionally, the association between habitual
physical activity and cognitive function during adoles-
cence is unclear, with some studies suggesting a beneficial

association with the domains of inhibitory control and
cognitive flexibility in boys and girls [16, 17], whilst oth-
ers did not find such associations [18]. A recent omnibus
review highlighted the benefits of planned/structured
physical activity for cognitive function in young peo-
ple, however the associations between device-measured
physical activity and cognitive function were equivocal
[19]. To the author’s knowledge, no studies have exam-
ined whether age group (i.e. younger, 11-12 years; older,
14-15 years) moderate the associations with risk factors
for cardiometabolic disease and cognitive function dur-
ing adolescence.

One possible explanation for the lack of association
between device-measured physical activity and cardio-
metabolic health, and cognitive function, is the challenge
of assessing device-measured physical activity; includ-
ing the divergent methodologies used and the numerous
protocols for processing and categorising accelerometery
data [20, 21]. To address this, Rowlands et al. [22] have
proposed two new metrics that continuously capture
the volume (average acceleration) and intensity (inten-
sity gradient) of physical activity, overcoming some of
the limitations of the more traditional cut-point based
approaches. Recent studies have shown that these new
metrics (both the average acceleration and intensity gra-
dient) are negatively and independently associated with
BMI in 9-11 year-old boys and girls [23, 24] and a com-
posite score of metabolic syndrome risk in boys and girls
aged 9-10 years [24]. Despite these initial promising find-
ings, there are currently no data in older adolescents (14—
18 years) and no data on the associations between these
two new physical activity metrics (average acceleration
and intensity gradient physical activity), and traditional
metabolic risk factors such as insulin sensitivity. Further-
more, no studies have examined the associations between
the new physical activity metrics and inflammatory risk
factors for cardiometabolic disease (such as low-grade
chronic inflammation), and no studies have examined the
associations between the novel physical activity metrics
and cognitive function.

There is a strong evidence base that physical fitness is
beneficially associated with traditional risk factors for
cardiometabolic disease, such as blood lipids [11, 25],
HOMA-IR [14, 25, 26] and blood pressure [11] in boys
and girls across adolescence. In addition, a small number
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of previous studies in boys and girls aged 13-14 y [27]
and 11-12 y [28] have shown that lower physical fitness
is associated with increased pro-inflammatory IL-6 [27,
28] and IL-1p [28] concentrations, as well as a lower anti-
inflammatory IL-10 concentration [28]. However, there
are no data on how the effect of physical fitness on tradi-
tional and novel risk factors for cardiometabolic disease
may change across adolescence or if there are relation-
ships between physical fitness and other cytokines which
reflect cardiometabolic disease risk. For example, IL-15 is
an anti-inflammatory cytokine which is involved in adi-
pose tissue regulation [29] and improved insulin sensitiv-
ity [30], yet has not been examined in association with
physical fitness.

Physical fitness is also beneficially associated with a
range of cognitive function domains in healthy children
[16, 31], children living with obesity [32] and adults [33].
Less is known about adolescents, but a small number
of studies have shown that physical fitness is positively
associated with academic performance [34], inhibitory
control [35, 36] and working memory [36] in boys and
girls aged 11-15 y. Furthermore, it is interesting that the
relationships between device-measured moderate-to-
vigorous physical activity (MVPA) and cognitive function
found by Aadland et al. [16] no longer remained when
physical fitness was considered; suggesting that physi-
cal fitness may be more important than habitual physical
activity for cognition in adolescents. Thus, it is impor-
tant to address the possible independent impacts of both
physical activity and physical fitness on cognitive func-
tion across adolescence.

Adiposity is recognised as an important risk factor for
the development of cardiovascular disease and type 2
diabetes [37]. In boys and girls aged 11-12, sum of four
skinfolds was positively related to HOMA-IR and mean
arterial pressure [28], and in boys and girls aged 13-17
the sum of six skinfolds was positively related with
C-reactive protein (CRP) [14]. Adiposity, measured by
waist circumference, has also previously been assessed as
an outcome related to cardiometabolic disease in adoles-
cents — commonly used in the formation of a composite
risk score [11, 12, 25]. There has, however, been less con-
sideration as to how waist circumference influences novel
risk factors for cardiometabolic disease in adolescents,
such as low-grade chronic inflammation. Furthermore,
there is growing evidence to suggest that adiposity may
be detrimental for cognitive function, with worse execu-
tive function task performance seen in young adults with
a higher BMI [38]. On top of this, focus on the associa-
tion between adiposity and cognitive function has been
centred on children [39], with less attention in an adoles-
cent population. Some limited data in adolescents show
that boys and girls, aged 13-15, with a higher BMI had
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worse performance on an attention and cognitive flexibil-
ity task [40].

Therefore, the purpose of the present study was to
examine the associations between physical activity,
physical fitness and adiposity, and risk factors for cardio-
metabolic disease and cognitive function in a sample of
adolescents (age 11-15 years). Furthermore, the present
study will also examine if these associations are modified
by year group (year 7 (age 11-12 years) and year 10 (age
14-15 years).

Methods

Experimental design

The study conformed to the Declaration of Helsinki
and was approved by Nottingham Trent University
Human Ethics Committee. Informed parental consent
was obtained from the parents before enrolment onto
the study. A health screen was completed by the parent/
guardian on behalf of the participant, which was checked
by a lead investigator to ensure there were no medical
conditions that would affect the young person’s participa-
tion in the study, which included any existing neurologi-
cal and/or underlying health conditions, such as family
history of cardiovascular disease, diabetes, ADHD. All
participants enrolled were considered healthy.

The study employed a cross-sectional design, con-
sisting of two main experimental trials that took place
at the schools (East Midlands, UK; between May 2018
and January 2020), separated by at least 7 d. In the first
experimental trial, participants underwent anthropomet-
ric measurements (stature, sitting stature, body mass,
waist circumference and skinfolds), as well as complet-
ing a 15 m multi-stage fitness test for the assessment of
physical fitness. Following the completion of these meas-
ures, participants were then familiarised with the battery
of cognitive function tests (described below). At the end
of the first trial, Actigraph GT3X +accelerometers were
given to participants to wear for the 7 d period between
the two main trials, for the assessment of free-living
physical activity. After the 7 d of activity tracking, partici-
pants attended the second main trial following an over-
night fast (from 10 pm the previous evening). This trial
started with the assessment of blood pressure, followed
by a capillary blood sample. Following this, participants
were then fed a standardised breakfast providing 1.5 g
per kg body mass of carbohydrate [41, 42], before com-
pleting the cognitive function test battery.

Participants

Seventy participants (35 girls) in year 7 and 43 partici-
pants (27 girls) in year 10 participated in the study. Stat-
ure and sitting stature were measured with a Leicester
Height Measure (Seca, Hamburg, Germany) accurate
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to 0.1 cm and body mass was measured using a Seca
770 digital scale (Seca, Hamburg, Germany) accurate
to 0.1 kg. Stature and sitting stature were used to pre-
dict age from peak height velocity, following methods
described previously [43]. Body mass and stature were
used to determine body mass index (BMI), for which age-
and sex-specific centiles were derived based on national
reference values [44]. Skinfolds were taken at four sites
(triceps, subscapular, supraspinale and front thigh), using
methods previously described [28, 36]; with the sum of
skinfolds used as the criterion measure. All descriptive
characteristics of the participants can be seen in Table 1.

Measurements

Physical fitness

Participants completed the 15 m version of the multi-
stage fitness test (MSFT), which is a commonly used
field-based measurement of physical fitness in youth
[45]. The 15 m version starts at 6 km-h™! and increases
by 0.5 km-h™! for every subsequent stage (approximately
1 min per stage). Participants were fitted with a heart rate
monitor (First Beat Technologies Ltd., Finland) prior to
the start and heart rate was recorded continuously dur-
ing the MSFT. Participants were paced by an experienced
member of the research team and were instructed to run
until volitional exhaustion; verbal encouragement was
provided. The total distance completed (m) was used as
the performance criterion for the test.

Waist circumference.

Wiaist circumference was measured at the narrowest
abdominal point, between the lower margin of the lowest
palpable rib and the iliac crest, to the nearest 0.1 cm [46].
Waist circumference was used as the chosen surrogate of
adiposity [47].

Blood pressure

Participants were seated quietly for 5 min prior to the
measurement of blood pressure. Blood pressure was
measured twice on the right arm, which was rested at
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chest height, in accordance with guidelines [48], using
an automated sphygmomanometer (HBP-1300, Omron,
Milton Keynes, UK). If systolic blood pressure differed
by>5 mmHg then a third measurement was taken. All
blood pressure readings were interspersed by 1 min rest.
The average was used if two measures were conducted,
whereas the median was selected if a third measurement
was required. Mean arterial blood pressure was deter-
mined using the following calculation: diastolic blood
pressure + ([0.33*(systolic blood pressure - diastolic
blood pressure]) [49].

Capillary blood sample

In order to increase capillary blood flow, participants’
hands were warmed via submersion in warm water prior
to collection. A unistik single-use lancet (Unistik, Extra,
21G gauge, 2.0 mm depth, Owen Mumford Ltd, UK) was
used and the blood collected into a 300 pl EDTA coated
microvette (Sarstedt Ltd, UK) and a 300 pl clotting acti-
vator coated microvette (Sarstedt Ltd, UK). A single 25 ul
whole blood sample was also collected, using a pre-cal-
ibrated glass pipette (Hawksley Ltd, UK) and immedi-
ately deproteinised in 250 pl ice-cooled 2.5% perchloric
acid in 1.5 ml plastic vials. The whole blood and EDTA
coated microvettes were centrifuged at 4000 x g, for
4 min at 4 °C (Eppendorph 541C, Hamburg, Germany).
The microvette with clotting activator was allowed to rest
at room temperature for 30 min before centrifugation at
1000 x g for 15 min. Plasma and serum were extracted
into 500 pl vials for subsequent analysis. All samples were
frozen immediately at -20 °C and transferred to a -80 °C
freezer as soon as possible.

Blood sample analysis

Blood glucose concentrations were measured in dupli-
cate (GOD/PAP method, GL364, Randox, Ireland) and
plasma insulin concentrations were measured in singu-
lar (ELISA; Mercodia Ltd, Sweden), using commercially
available methods and according to the manufacturer’s

Table 1 Participant characteristics presented overall, and by sex, for both year groups. Data are presented as mean £ SD

Characteristic Overall Boys Girls
Year 7 (n=70) Year 10 (n=43) Year 7 (n=35) Year 10 (n=16) Year 7 (n=35) Year 10 (n=27)

Age (y) 114+£05 143405 114405 143+04 11.3+£05 143405
Height (cm) 1545+79 169.0+6.3 1553+£87 1741£52 1536469 166.1+4.8
Body mass (kg) 458493 60.0+9.6 456+9.7 62.0+10.1 46.0+£9.0 581492

BMI Percentile 63.9+28.1 614+£294 6434285 6434295 63.5+28.1 59.7£29.7
APRHV (y) -1.0+£08 19+0.8 -1.6+£05 1.1+£04 -04+06 23405

Sum of skinfolds (mm) 59.0+£25.7 60.6 £26.2 5554243 4934246 62.0£26.1 664+259

BMI, body mass index APHV, Age from peak height velocity MSFT, multi-stage fitness test
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instructions. Fasting blood glucose and plasma insulin
concentrations were used to calculate the homeostatic
model assessment of insulin resistance (HOMA-IR) [50].
The intra-assay coefficients of variation (%) for 8 repeat
measurements were; blood glucose (3.8%) and plasma
insulin (4.4%).

Plasma concentrations of IL-6, IL-10, IL-15 and IL-1f
were determined using the Ella SimplePlex automated
immunoassay (ProteinSimple, BioTechne, Oxford, UK),
in line with the manufacturer’s instructions [51]. Sam-
ples and wash buffer were added to cartridge inlets,
before being loaded into the machine. Briefly, sample is
routed through separate microfluidic channels which are
coated with analyte-specific antibodies. The channels
are washed and then a detection antibody is applied. The
detection antibody migrates through the microfluidic
channel, into the Glass Nano Reactors (GNRs) whereby
the sample is measured in triplicate. Concentrations are
generated from the factory-calibrated standard curves
that are preloaded into the cartridge. The microfluidic
technology used by the Ella system allows for the simul-
taneous quantification of biomarkers without cross-reac-
tivity [51] and cytokine concentrations using this method
have been strongly correlated with ELISA-based con-
centrations [51]. The intra-assay coefficients of variation
(%) for 8 repeat measurements were; IL-6 (3.8%), IL-10
(3.9%), IL-15 (2.9%) and IL-1f (2.5%).

Brain-derived neurotrophic factor (BDNF) concen-
trations were determined with a commercially available
ELISA (Quantikine ELISA ©, R & D Systems Europe Ltd,
UK) according to the manufacturer’s instructions. The
intra-assay coefficient of variation (%) for 8 repeat meas-
urements was 7.3%.

Cognitive function tests

The cognitive function test battery lasted approximately
15 min and consisted of the Visual Search Test (assessing
visual perception), Stroop test (assessing executive func-
tion), Sternberg Paradigm (assessing working memory)
and a Flanker task (assessing executive function) which
were completed on a laptop computer (Lenovo Think-
Pad T450; Lenovo, Hong Kong), as previously described
[41, 42]. Instructions for each test were presented prior
to completion of the test and participants had an oppor-
tunity to ask questions before starting. Each test, and
test level, were preceded by practice stimuli in order to
re-familiarise participants with the test and negate any
potential learning effects; the data for the practice stimuli
were discarded. The participants completed the tests in a
classroom, in silence and separated so that they could not
interact during the tests. Sound cancelling headphones
were also worn, to minimise external disturbances. The
variables of interest from each test were the response
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times of correct responses and the proportion (%) of cor-
rect responses. This testing procedure has been used suc-
cessfully in a similar study population previously [36, 52].

Assessment of physical activity

Free-living, device-measured physical activity was
assessed with ActiGraph GT3X+ triaxial accelerom-
eters (Actigraph, Pensacola, FL, USA). Participants
were instructed to wear the accelerometer at all times
(24 h-d™!), with the monitor positioned on an elasticated
waist band just above the right hip, for seven consecutive
days. Participants were asked only to remove the accel-
erometer for any water-based activities, such as swim-
ming or showering. To ensure that the accelerometer was
correctly placed, participants were fitted with the accel-
erometer by a member of the research team. The acceler-
ometers were initialised at a sampling rate of 90 Hz.

Processing of accelerometer data.

Data were downloaded using Actilife (v6.13.4; Acti-
graph, Pensacola, FL, USA) and saved in raw format
(.gt3x files), before conversion to raw (.csv) file format
for raw signal processing. The raw files were processed
using RStudio (v1.2.1335; R Studio Team, 2020) using the
GGIR v2.0-0 package (for a detailed explanation on the
steps involved, please see Migueles et al. [53]). Briefly,
GGIR auto calibrates the file and identifies non-wear
time [54]. The default setting for non-wear was used,
whereby non-wear data was imputed by the average at
similar time points on the other days of the week [54]. As
a result, all accelerometery outcomes are based on com-
plete 24 h cycles (1440 min). The raw triaxial acceleration
signals are then converted into a single, omnidirectional
measure of acceleration accounting for gravity (1 g),
termed the Euclidean Norm Minus One (ENMO) [54].
The ENMO is computed over 5 s epochs and expressed
in milli-gravitational (mg) units, as previously described
[22]. Participants’ accelerometery data were excluded
if there was a post-calibration error greater than 0.01 g,
there was less than 3 valid days (including 1 weekend
day) of wear time (defined as> 16 h per day), or data was
not present for full 24 h wear cycles [22]. A total of 20
accelerometery files were excluded from analysis (absent
on data collection, n=1; insufficient wear time, n=16;
calibration error>0.01 g, n=3).

Based on the descriptions provided by Rowlands et al.
[22], the total volume of physical activity per day was
expressed as the average acceleration (ENMO, mig). The
intensity gradient was the metric of choice to describe
the intensity of physical activity. For detailed informa-
tion on the inception, and description, of the intensity
gradient see Rowlands et al. [22]. Briefly, the intensity
gradient describes the relationship between the log val-
ues of intensity (represented by intensity bins of 25 mg
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resolution, i.e. 0 — 25 mg, 25 — 50 mg...3975 — 4000 mg)
and time (accumulated time in each intensity bin). The
intensity gradient is always negative, as this reflects the
decrease in time spent in higher intensity activities. The
average intensity gradient over a 24 h period was calcu-
lated for each participant, as well as the constant for the
linear regression equation and the R? value (indicative of
the goodness of fit for the model). In brief, a less negative
intensity means more time is spent doing higher inten-
sity activities whereas a more negative intensity gradient
means less time is spent doing higher intensity activities.

Statistical analysis

All analyses were performed using RStudio (RStudio
Team, 2020). Multiple linear regression was performed,
using the “Ime4” package [55], to examine associations
between exposure variables; physical fitness (distance run
on the MSFT), physical activity (average acceleration and
intensity gradient) and adiposity (waist circumference)
with outcome variables: risk factors for cardiometabolic
disease and cognitive function. The models were first
performed whilst adjusting for year group and sex, to
determine the overall association of the exposure vari-
able of interest. Following this, an interaction term con-
sisting of year group and the exposure variable of interest
(physical fitness, average acceleration, intensity gradi-
ent or adiposity) was included, to determine a moderat-
ing effect of year group on the relationship. All exposure
variables were centred before entry into the models and
residuals were assessed for conformity with the under-
lying assumptions of normality and homoscedasticity.
Variance inflation factors (VIF) were used to assess col-
linearity (all VIF’s were<5) and therefore satisfied this
assumption [56]. Residual analyses were performed
and if normality or homoscedasticity were violated, the
dependent variable was log transformed and the residu-
als were checked thereafter. For models where the log
version was used, the coefficients and 95% CI are pre-
sented as a % change for a 1-unit increase in the exposure
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variable. For all analyses, alpha for determining statistical
significance was set at p < 0.05.

Results

Descriptive summaries, split by year group and sex, are
presented below: exposure variables—physical activ-
ity, physical fitness and adiposity (Table 2); risk factors
for cardiometabolic disease (Table 3); cognitive function
outcomes and BDNF concentration (Table 4).

Associations between physical activity, physical fitness

and adiposity with risk factors for cardiometabolic disease
The cross-sectional associations, adjusted for year group
and sex, between exposure variables: physical fitness (dis-
tance covered on the MSFT), physical activity (average
acceleration and intensity gradient) and adiposity (waist
circumference) with outcome variables: risk factors for
cardiometabolic disease are presented in Table 5.

Average acceleration was negatively associated with
systolic, diastolic, and mean arterial blood pressure
(Table 5). Specifically, a 1 mg higher average accelera-
tion was associated with lower blood pressure; 0.8 mmHg
(systolic), 0.4 mmHg (diastolic) and 0.5 mmHg (MAP).
Including the interaction term provided evidence that
the association was modified by year group for diastolic
blood pressure and mean arterial pressure. Specifically,
the association with diastolic blood pressure (=-0.653,
p=0.036) and MAP (B=-0.710, p=0.021, Fig. 1A) was
stronger in year 10 participants than in year 7 partici-
pants. There were no clear associations between average
acceleration and the remaining risk factors for cardio-
metabolic disease (Table 5), nor were these associations
moderated by year group (Year group by average accel-
eration interaction; all p >0.05).

Intensity gradient was negatively associated with
systolic and mean arterial blood pressure (Table 5).
Specifically, a 1 AU higher intensity gradient was
associated with lower blood pressure; 19 mmHg (sys-
tolic) and 10 mmHg (MAP). Including the interaction

Table 2 Descriptive summary of physical activity, physical fitness and adiposity measurements, split by year group and sex. Data are

mean £ SD and (range)

Variable Year 7 Year 10
Boys Girls Boys Girls
Average Acceleration (mg) 177146 (114 -296) 13.3+34(58-20.1) 142+4(75-20.7) 125+£34(8.1-219)

-2.3410.14 (-2.58 --2.12)
1395 4435 (720-2250)
65.84+6.9 (56.7 - 84.0)

Intensity Gradient (AU)
MSFT (m)
Waist Circumference (cm)

-2.51+0.19(-2.83 --2.13)
12154435 (540-2550)
66.54+7.4 (559 - 84.1)

-243+£0.23 (-2.87 —-1.98)
2295£450 (1650-3240)
728464 (628 -91.6)

-2.57£0.19 (-2.86 —-2.23)
13804405 (720-2460)
68.2+6.4 (60.5-91.0)

MSFT, Multi-Stage Fitness Test
Data are mean £ SD and (range)



Williams et al. BMC Pediatrics (2022) 22:75

Page 7 of 15

Table 3 A descriptive summary of the risk factors for cardiometabolic disease, split by year group and sex. Data are mean & SD and

(range)
Variable Year 7 Year 10
Boys Girls Boys Girls
Systolic Blood Pressure (mmHg) 115412 (95 - 146) 115411 (96 -139) 128+ 13 (107 - 153) 12448 (105 - 146)

Diastolic Blood Pressure (mmHg) 6947 (59 - 84)
84+7(72-99)
4024045 (3.10-5.0)
545+£323(147-123.0)
1.584+0.91 (0.39 - 3.40)

G
(
(
1.70=£1.06 (0.53 - 4.68)
(
(
(

Mean Arterial Pressure (mmHg)

Blood Glucose Concentration (mmol-L™")
Plasma Insulin Concentration (pmol-L~")
HOMA-IR (AU)

IL-6 Concentration (pg-ml~")

2.9740.90 (0.69-5.79)
2454+0.63 (1.28 - 3.85)
41.0£25.5 (3.55 - 106.00)

IL-10 Concentration (pg-ml~")
IL-15 Concentration (pg-ml~")
IL-1B Concentration (pg-ml~")

4.1240.59 (3.30 - 5.80)

6774299228 -123.0)

2.09+1.02 (0.55-4.38) (
2594+133(036-534) 1.38+£0.73(059-3.39
3.88+1.70(0.97 - 8.27) (1
3444+1.11(1.39-587)

384+20.2 (737 - 74.80)

707 (58 - 86)
84+7(71-100)

7318 (56 -85)
91+9(72-107)
443£0.75 (3.0 -550)
512+£258(133-96.7)
1.6540.99 (0.39 - 3.53)
)

)

7716 (63 -87)

9246 (80-101)
4.5240.53 (3.60 - 5.50)
60.2£25813.3-113.0)
2.00+£0.85(0.35-3.82)
1.17£0.55 (044 - 2.33)
2814+059(1.70-3.82 (1 )
2944085 (1.78 - 5.4) (1 )
)

43.5423.6 (6.97 - 80.60)

26541.08 (1.25-6.09
317£1.17(1.26 -5.90
30.2£16.9 (5.65- 76.60

HOMA-IR, Homeostatic Model Assessment of Insulin Resistance IL, Interleukin

Table 4 A descriptive summary of cognitive function outcomes and BDNF concentration, split by year group and sex. Data are

mean £ SD (range)
Test Level Variable Year 7 Year 10
Boys Girls Boys Girls
Stroop Congruent  RT (ms) 856+ 118 (652—1116) 818+ 141 (611-1211) 644+£68 (515-780) 663+£81 (516-846)
Accuracy (%) 96.0£52(750-100) 97.2439(850-100) 97.5+4.10(85.0-100) 96.3+£4.4(85.0 - 100)
Incongruent  RT (ms) 12454229(905 — 1788) 1135+£216(799 — 1572) 837 £114(658 - 1010) 9424 171(680 — 1340)
Accuracy (%) 89.247.8(625-975) 93.1+63(775-100) 939+£4.9(800-100) 939475 (62.5-100)
Flanker Congruent  RT (ms) 610187 (448-801) 6311165 (414-1171) 507 +69 (417-687) 491 +77 (365-738)
Accuracy (%) 969458 (76.7-100) 96.5+7.3(60.0-100) 98.1£2.7(933-100) 97.843.3(86.7-100)
Incongruent  RT (ms) 666+ 107 (468 —906) 682+185476-1176) 55057 (461 -709)  534+88 (406 - 857)
Accuracy (%) 90.2414.9 (40.0-100) 89.6+£16.3(36.7-100) 952+4.7(80.0-100) 95.543.8(83.3-100)
Sternberg paradigm One item RT (ms) 577 +£93 (412-826) 563+ 117 (408-896) 465162 (364-568) 468 480 (363-730)
Accuracy (%) 91.74£126(500-100) 95247.1(750-100) 94.1+6.2(75.0-100) 96.2+6.8(75.0-100)
Three item  RT (ms) 750160 (377 - 1110) 692+ 172 (397 - 1257) 556+£62 (463 - 662) 546+ 87 (294 - 767)
Accuracy (%) 9284104 (43.8-100) 91.5£155(125-100) 955+£3.6(87.5-100) 9244189 (3.1-100)
Five item RT (ms) 9204171 (445 -1477) 873182 (574 -1594) 677 +£88 (557 — 882) 677+113(518-130)
Accuracy (%) 86.7+11.5(50.0 - 90.7+84(625-100) 928+64(81.2-100) 93.9+59(81.2-100)
Visual search Simple RT (ms) 592+83(474-819) 579470(483-830) 5124+33(471-568)  536+37 (482—605)
Accuracy (%) 9234109 (47.7-100) 954+6.9 (65.6—-100) 96.8+4.6(840-100) 97.84+3.3(91.3-100)
Complex RT (ms) 15731408 (777 = 2726) 1577 £546 (938 — 3130) 1375 £ 244 (927 — 1936) 1348+ 324 (9 0-2132)

Accuracy (%)
BDNF Concentration (ng-ml~")

872+£226(10.1-100) 90.1£180 (269 -
309+7.3(126 -45.6)

100) 98.7+4.1 (26.9 - 100)
324488 (168 - 42.06)

98.8+3.1(87.5-100)

36.2+£11.1(11.8 - 327£102(133-479)

58.5)

RT, Response Time VST, Visual Search Test BDNF, Brain-Derived Neurotrophic Factor

Data are mean £ SD and (range)

term provided evidence that the associations with
systolic, diastolic and mean arterial blood pressure
were modified by year group, whereby the associa-
tion was stronger in year 10 participants (systolic:
p=-20.74, p=0.013; diastolic: p=-13.37, p=0.013;
MAP: f=-16.03, p=0.003; Fig. 1B). There were no

clear associations between intensity gradient and the
remaining risk factors for cardiometabolic disease
(Table 5), nor were any of these associations moderated
by year group (Year group*intensity gradient interac-
tion; all p>0.05), with the exception of IL-1B concen-
tration. The association between intensity gradient
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Table 5 Cross-sectional associations between physical fitness, physical activity and waist circumference and risk factors of
cardiometabolic disease, when controlling for year group and sex. Coefficients () are presented in their unstandardised forms, unless

otherwise stated, with 95% confidence intervals

Dependent Variables MSFT Average Acceleration Intensity Gradient Waist Circumference
B(95% ClI) p B(95% Cl) p B(95% ClI) p B(95% Cl) p

Systolic Blood Pressure (mmHg) -0.004 (-0.008,0.008)  0.106 -0.83(-1.39,-0.29) 0.005 -19.10(-30.68,-7.44) 0.002 0.32(0.02,0.61) 0.038
Diastolic Blood Pressure -0.002 (-0.004,0.0003) 0.222 -0.41(-0.77,-0.04) 0.031 -6.84(-14.50,0.83) 0.084 -0.02(-0.20,0.15) 0.815
(mmHg)

Mean Arterial Pressure (mmHg) -0.03 (-0.06, -0.001) 0.113 -0.55(-0.90,-0.19) 0.004 -10.92(-18.45,-3.40) 0.006 0.09(-0.10,0.27) 0377
Blood Glucose (mmol-L™") -0.0015 (-0.004,0.001) 0.118 -0.01 (-0.04,0.02) 0488 -0.10(-0.74,0.56) 0.785 0.01(-0.01,0.02) 0.649
Plasma Insulin (pmol-L~") -0.003 (-0.18,0.17) 0971 0.05 (-1.56, 1.66) 0951 -24.70(-57.70,8.28) 0.146  0.70(-0.19,1.59)  0.125
HOMA-IR (AU) -0.002 (-0.007,0.004)  0.484 -0.02(-0.07,0.04) 0.555 -0.93(-1.99,0.13) 0.091 0.02(-0.01,0.05) 0.115
IL-6° 0.15(-0.14,0.44) 0367 -060(-11.63,11.81) 0.712 -6.20(-50.97, 79.46) 0846 1.31(-0.27,291) 0.093
I-10° 0.09 (-0.15,0.33) 0462 040 (-1.75,2.59) 0.711 1642 (-26.26, 83.80) 0.515 0.80(-0.18,1.80) 0.162
IL-15° 0.30 (0.07, 0.54) 0.038 -0.70(-2.45,1.09) 0421 17.35(-18.98,69.97) 0402 -040(-1.37,058) 0359
I-187 045 (-0.14,1.04) 0.061 2.33(-1.80,6.63) 0280 1264(-51.13,159.60) 0.780 0.60(-1.39,263) 0.557

MSFT, Multi-Stage Fitness Test Cl, Confidence Interval HOMA-IR, Homeostatic Model Assessment of Insulin Resistance IL, Interleukin

Coefficient and Cl are presented as a 1-unit change in the dependent variable for a 1-unit change in MSFT (15 m), average acceleration (1 mg), intensity gradient (1

AU), waist circumference (1 cm)

2 dependent variable is log transformed. For log transformed data, the coefficient and Cl are presented as the % change for a 1-unit change in the predictor variables

(MSFT, average acceleration, intensity gradient and waist circumference)
Significant associations are highlighted in bold (p <0.05)

and IL-1P concentration was dependent on year group
(Year group*Intensity gradient interaction; P=-2
(-86.5%), p=0.010). Specifically, IL-1p concentration
was negatively associated with intensity gradient for
year 7 participants, whereas it was positively associated
in year 10 participants (Fig. 1C).

Physical fitness was positively associated with IL-15
concentration, whereby a 15 m (1 shuttle) higher MSFT
performance was associated with a 0.3% higher IL-15
concentration (Table 5). There was no moderating effect
of year group on this relationship (Year group*MSFT
interaction; p=0.478). There were no clear associa-
tions between physical fitness and the remaining risk
factors for cardiometabolic disease (Table 4), nor were
these associations moderated by year group (Year
group*MSFT interaction; all p > 0.05).

Waist circumference was positively associated with sys-
tolic blood pressure (Table 5). Specifically, a 1 cm higher
waist circumference was associated with a 0.3 mmHg
higher systolic blood pressure. There were no clear
associations between waist circumference and any of
the remaining risk factors for cardiometabolic diseases
(Table 4), nor were any of these associations moderated
by year group (Year group*waist circumference interac-
tion; all p>0.05); with the exception of IL-6 concentra-
tion. For year 10 participants, waist circumference was
positively associated with IL-6 concentration (f=0.03%
p=0.026), whereas there was no clear evidence of an
association for year 7 participants (p=0.123, Fig. 2).

Associations between physical fitness, physical activity
and adiposity with cognitive function

The cross-sectional associations, adjusted for year group
and sex, between exposure variables: physical fitness
(distance covered on the MSFT), physical activity (aver-
age acceleration and intensity gradient) and adiposity
(waist circumference) with outcomes: cognitive function
(response times) are presented in Table 6.

For average acceleration, intensity gradient and waist
circumference there were no clear associations with per-
formance on any of the cognitive function tests or BDNF
concentration (Table 6), nor were any of these relation-
ships moderated by year group (all p >0.05).

Physical fitness was negatively associated with response
time on the incongruent Stroop task, whereby a 15 m
(1 shuttle) higher MSFT distance was associated with a
1.43 ms faster response time (p=0.025, Fig. 2A). There
was no moderating effect of year group on this relation-
ship (Year group*MSFT interaction; p =0.986). Further-
more, physical fitness was positively associated with
accuracy on both the congruent (f=0.04%, p=0.011)
and incongruent (p=0.05% p=0.011) levels of the
Stroop task, although these associations were not mod-
erated by year group (year group*MSFT interactions;
congruent; p=0.883. incongruent; p=0.484). Physical
fitness was negatively associated with response time on
the one-item level of the Sternberg paradigm, whereby
a 15 m (1 shuttle) higher MSFT distance was associated
with a 0.66 ms faster response time (p=0.036, Fig. 2B).
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Fig. 1 Cross-sectional associations between physical activity metrics (average acceleration and intensity gradient) and waist circumference with
blood pressure, as well as IL-6 and IL-1(3 concentrations. Separate lines are fit to show the year-group specific relationships. (@) Association between
average acceleration (mg) and mean arterial pressure (mmHg) for year 10 (open points: =-0.71 mmHg, p=0.021) and year 7 (solid points). (b)
Association between intensity gradient (AU) and mean arterial pressure (mmHg) for year 10 (open points: 3 =-16 mmHg, p=0.003) and year 7
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points: 3 =-86.5%, p=0.010). (d) Association between waist circumference (cm) and log-transformed IL-6 concentration for year 10 (solid points:
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There was no moderating effect of year group on this
relationship (Year group*MSFT interaction; p=0.241).
Physical fitness was also negatively associated with
response times during both levels of the visual search
test. Specifically, a 15 m (1 shuttle) higher MSFT distance
was associated with a 0.43 ms faster response time on the
baseline level (p=0.032) and a 2.43 ms faster response
time on the complex level (p=0.020, Fig. 2C & D). There
was no moderating effect of year group on these relation-
ships (Year group*MSFT interaction; both p>0.05). For

the remaining cognitive function outcomes and BDNF
concentration, there were no associations with physical
fitness (Table 6), nor were these relationships moderated
by year group (Year group*MSFT interaction; all p >0.05).

Discussion

The main findings of the present study were that: physi-
cal fitness (distance covered on the MSFT) was positively
associated with anti-inflammatory IL-15 concentration
and accuracy on the congruent and incongruent Stroop
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tasks, and negatively associated with response times
across cognitive domains (indicating that higher fit par-
ticipants displayed faster response times); and that physi-
cal activity volume (average acceleration) and physical
activity intensity (intensity gradient) were negatively
associated with blood pressure (systolic, diastolic and
MAP). Furthermore, the present study also demonstrates
that boys spent more time in high intensity physical
activity compared to girls (as reflected by a less negative
intensity gradient value), and that boys and year 10 par-
ticipants had a higher physical fitness (as measured by
distance covered on the MSFT) compared to girls and

year 7 participants respectively. Furthermore, the dif-
ference in physical fitness between boys and girls was
greater in year 10 participants than year 7 participants. In
addition, year 7 girls had higher cytokine concentrations
(IL-6 and IL-10) in comparison with boys of the same
age. Blood pressure and blood glucose concentration
were higher in year 10 participants compared to year 7,
and year 10 participants were consistently quicker across
a range of cognitive function domains (attention, inhibi-
tory control, working memory and visual processing).

A key novel finding of the present study is that physi-
cal fitness (distance covered on the MSFT) is positively
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associated with IL-15 concentration in adolescents.
IL-15 has a recognised role in adipose tissue regulation
[29] as well as skeletal muscle insulin sensitivity, oxida-
tive metabolism and angiogenesis [30]. Data from ani-
mal models suggest that IL-15 activates PPAR-§ which
is responsible for a subsequent improvement in endur-
ance capacity through regular training [30]. Our findings
extend the previously reported increase in skeletal mus-
cle IL-15 content after 12 weeks of endurance training
in adult males [57], by reporting a positive association
between physical fitness (MSFT performance) and IL-15
concentration, which may contribute to chronic training
adaptations as a result of repeated physical activity. How-
ever, longitudinal data following a training intervention
in adolescents is required to confirm this suggestion.

Another key finding of the present study was the posi-
tive relationships between higher levels of physical fit-
ness and cognitive function in adolescents. Specifically,
the present study is also the first to demonstrate that
physical fitness is beneficially associated with indices of
simple and complex visual processing speed (response
times on the visual search test) in adolescents. Higher
physical fitness was also associated with faster response
times across the domain of executive function (specifi-
cally inhibitory control and working memory), which is
consistent with much of the evidence base in adolescents
[16, 35, 58]. It has been stated that adolescents may be
more sensitive to the effects of physical fitness on cogni-
tion, particularly with regards to executive function, as
the associated brain regions are still developing at this
stage [59]. A hypothesised mechanism of these benefi-
cial effects is through the release of neurotrophins, such
as brain-derived neurotrophic factor (BDNF) [59]. How-
ever, the present study did not support this and found
no associations between physical fitness and BDNF con-
centration. Nonetheless, the data from the present study
demonstrate a beneficial association between physical fit-
ness and cognitive function. Future work should seek to
explore the potential mechanistic links between physical
fitness and cognition, an understanding of which would
allow such mechanisms to be targeted in the design of
future interventions.

The present study is also the first to demonstrate that
the newly proposed physical activity metrics, both the
physical activity volume and intensity of the activity,
are negatively associated with mean arterial pressure.
It is well known that higher physical activity levels are
associated with reductions in blood pressure [11, 12]
and have protective effects against the development of
hypertension [60]. However, the present study provides
novel insight across adolescence in that the associa-
tion for both physical activity variables was dependent
on year group, whereby a stronger negative association
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was observed in year 10 participants, when compared to
year 7 participants, for both volume and intensity. This
highlights the importance of physical activity for older
adolescents, who are typically less active [61] and also
subject to an age-related increase in blood pressure [62].
The present study also adds further novel insights with
regards to the relationship between the activity volume
metric and IL-6 concentration, as well as the intensity
gradient and IL-1p concentration. Interestingly, the
negative association observed between average accelera-
tion and IL-6 concentration, as well as intensity gradient
and IL-1f concentration, was exclusive to year 7 partici-
pants. The present study is the first to report that these
relationships may be moderated by age across adoles-
cence and thus future research should aim to replicate
such findings and also examine the potential mechanism
responsible.

The present study is also the first to examine the asso-
ciations between the newly proposed physical activ-
ity metrics, average acceleration and intensity gradient,
and cognitive function in adolescents. These data from
the present study did not suggest there were any asso-
ciations between average acceleration and intensity gra-
dient with cognitive function. Whilst previous studies
have reported that device-measured physical activity is
beneficially associated with measures of cognitive func-
tion [16, 17], others do not [18]. Discrepancies amongst
these findings may be explained by the different pro-
cessing techniques used, as well as the summary met-
rics used to represent physical activity. Indeed, previous
work focused solely on moderate-to-vigorous physical
activity from self-report measures [17], whereas the pre-
sent study utilised novel metrics that consider the whole
physical activity intensity spectrum [22]. Despite the use
of these new metrics, the present study may be limited
by a small sample size (particularly for older adolescents;
14-15 y). Indeed, more work using these metrics with
much larger samples is required to fully establish the
nature of relationship between physical activity and cog-
nition in adolescents.

It has been argued that physical fitness, as a state
(which to some extent reflects chronic physical activ-
ity), is a better measure to use than physical activity
itself which varies greatly from day-to-day, when exam-
ining the relationship with cognitive function [18]. This
is supported by evidence showing that the associations
between moderate-to-vigorous physical activity and
cognitive function do not hold when physical fitness
was accounted for [16]. This suggests that it is physi-
cal fitness, rather than physical activity per se, which
is important for cognitive function and only some
physical activities, of a sufficient intensity to enhance
physical fitness, will contribute to enhanced cognition.
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Indeed, when considering physical fitness, physi-
cal activity and adiposity (waist circumference), the
findings of the present study only found associations
between physical fitness and cognitive performance,
suggesting that interventions to enhance cognition in
adolescents should focus on improving physical fit-
ness, rather than simply increasing physical activity, or
reducing adiposity.

The present study found that adiposity was important
for cardiometabolic health, whereby waist circumfer-
ence was positively associated with IL-6 concentration,
although interestingly this was exclusive to year 10
participants. The findings of the present study support
the empirical findings of Dring et al. [28], whereby
sum of skinfolds (also indicative of greater adipos-
ity) was positively associated with IL-6 concentration.
Indeed, it is generally recognised that adolescents
who display greater adiposity have higher concentra-
tions of inflammatory cytokines [63]. Waist circum-
ference is a recommended proxy of visceral adipose
tissue, which is known as an endocrinological tissue
that secretes inflammatory mediators, particularly IL-6
[64]. It is thought that the adipose tissue-derived IL-6
is mechanistically involved in the development of insu-
lin resistance [5] and subsequent occurrence of cardio-
metabolic diseases, such as cardiovascular disease and
type 2 diabetes [65]; with the present study providing
novel evidence of a positive relationship between waist
circumference and IL-6 concentration, indicative of
poorer cardiometabolic health.

Whilst the present study provides novel insight as pre-
viously discussed, it is not without limitations. Firstly, the
present study is cross-sectional in nature which precludes
any inference of causality in the observed associations.
Furthermore, although a commonly used field-based
measurement of physical fitness was used (MSFT), a dif-
ferent version (15 m shuttles) than what is typically used
(20 m shuttles) in paediatric exercise research was used,
due to facility constraints at participating schools. The
present study also recruited fewer year 10 participants
compared to year 7, which may limit the conclusions in
these older adolescents. As a result of this, the models
created were parsimonious in nature and did not account
for other important independent variables. Indeed,
future work utilising large samples should seek to repli-
cate such findings whilst accounting for additional inde-
pendent variables.

Conclusions

In summary, the present study highlights that a
higher physical fitness is associated with enhanced
cardiometabolic health and cognitive function in
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adolescents. Furthermore, the present study highlights
important associations between a higher volume and
intensity of physical activity (assessed using novel
metrics; average acceleration and intensity gradient)
with reduced risk factors for cardiometabolic disease
(blood pressure, IL-1p); although a further interesting
observation was that these associations were stronger
in year 10 participants than year 7 participants. This
suggests that older adolescents (14—15 y) may require
a more specific targeted approach to promote physi-
cal activity, to subsequently enhance cardiometabolic
health and cognition. In addition, future longitudinal
research is required to track cardiometabolic health
and cognitive function across adolescence, and in par-
ticular to track the importance of changes in physical
activity, physical fitness and adiposity for these key
outcome measures.

Abbreviations

BDNF: Brain-derived Neurotrophic Factor; BMI: Body Mass Index; DBP:
Diastolic Blood Pressure; HOMA-IR: Homeostatic Model Assessment of Insulin
Resistance; IL: Interleukin; MAP: Mean Arterial Pressure; MSFT: Multi-stage
Fitness Test; MVPA: Moderate-to-vigorous Physical Activity; SBP: Systolic Blood
Pressure.

Acknowledgements

The authors would like to thank the participants and teachers at the Second-
ary school’s involved for their time and effort with data collection. The authors
would also like to thank Mr James Donaldson and Mr Paul Lester for their
assistance in data collection.

Authors’ contributions

Design of the study, RAW, SB.C, J.G.M, FH.S and M.EN; Data collection, RAW,,
SB.C,KJD, LHand CS; Data analysis, RAW, FH.S and S.B.C; Writing — review-
ing and editing, RAW,, S.B.C,, KJ.D and M.EN. All authors read and approved
the final version of the manuscript.

Funding
None to declare.

Availability of data and materials
Data are available upon request from the corresponding author.

Declarations

Ethics approval and consent to participate

Informed parental consent was obtained from the parents before enrolment
onto the study, as well as participant assent. The study was approved by Not-
tingham Trent University Human Ethics Committee (application NTU-557).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Exercise and Health Research Group Sport Health and Performance
Enhancement (SHAPE) Research Centre Department of Sport Science, Not-
tingham Trent University, Nottingham NG11 8NS, UK. 2Department of Health
and Physical Education, The Education University of Hong Kong, Hong Kong
SAR, China.



Williams et al. BMC Pediatrics

(2022) 22:75

Received: 30 June 2021 Accepted: 23 December 2021
Published online: 02 February 2022

References

1.

20.

Balagopal P (Babu), de Ferranti SD, Cook S, Daniels SR, Gidding SS, Hay-
man LL, et al. Nontraditional Risk Factors and Biomarkers for Cardiovascu-
lar Disease: Mechanistic, Research, and Clinical Considerations for Youth:
A Scientific Statement From the American Heart Association. Circulation.
2011;123(23):2749-69.

Warnberg J, Nova E, Romeo J, Moreno LA, Sjostrom M, Marcos A.
Lifestyle-related determinants of inflammation in adolescence. Br J Nutr.
2007,98(51):S116-20.

Laitinen TT, Pahkala K, Magnussen CG, Viikari JSA, Oikonen M, Taittonen
L, et al. Ideal Cardiovascular Health in Childhood and Cardiometabolic
Outcomes in Adulthood: The Cardiovascular Risk in Young Finns Study.
Circulation. 2012;125(16):1971-8.

Blakemore S-J, Burnett S, Dahl RE. The role of puberty in the developing
adolescent brain. Hum Brain Mapp. 2010;31(6):926-33.

Tagi VM, Giannini C, Chiarelli . Insulin Resistance in Children. Front Endo-
crinol. 2019. Jun 4 [cited 2020 Jul 23];10. Available from: https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC6558106/

Classification of diabetes mellitus. Geneva: World Health Organization;
2019. Licence: CC BY-NC-SA 3.0 IGO.

Diamond A. Executive Functions. Annu Rev Psychol. 2013;64(1):135-68.
Cooper SB, Dring KJ, Nevill ME. High intensity intermittent exercise: effect
on young people’s cardio-metabolic health and cognition. Curr Sports
Med Rep. 2016;15(4):245-51.

Gibson-Moore H. UK Chief Medical Officers’ physical activity guidelines
2019: What's new and how can we get people more active? Nutr Bull.
2019;44(4):320-8.

Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, et al.
World Health Organization 2020 guidelines on physical activity and
sedentary behaviour. Br J Sports Med. 2020;54(24):1451-62.

Bailey DP, Boddy LM, Savory LA, Denton SJ, Kerr CJ. Associations between
cardiorespiratory fitness, physical activity and clustered cardiometa-
bolic risk in children and adolescents: the HAPPY study. Eur J Pediatr.
2012;171(9):1317-23.

Carson 'V, Ridgers ND, Howard BJ, Winkler EAH, Healy GN, Owen N, et al.
Light-Intensity Physical Activity and Cardiometabolic Biomarkers in US
Adolescents. Kiechl S, editor. PLoS One. 2013;8(8):e71417.

Pedersen BK. The anti-inflammatory effect of exercise: its role in diabetes
and cardiovascular disease control. Wagenmakers AJM, editor. Essays
Biochem. 2006,27(42):105-17.

Martinez-Gomez D, Eisenmann JC, Wérnberg J, Gomez-Martinez S, Veses
A, Veiga OL, et al. Associations of physical activity, cardiorespiratory fitness
and fatness with low-grade inflammation in adolescents: the AFINOS
Study. Int J Obes. 2010;34(10):1501-7.

Martinez-Gomez D, Gomez-Martinez S, Ruiz JR, Diaz LE, Ortega FB,
Widhalm K, et al. Objectively-measured and self-reported physical activity
and fitness in relation to inflammatory markers in European adolescents:
The HELENA Study. Atherosclerosis. 2012;221(1):260-7.

Aadland KN, Moe VF, Aadland E, Anderssen SA, Resaland GK, Ommund-
sen Y. Relationships between physical activity, sedentary time, aerobic
fitness, motor skills and executive function and academic performance in
children. Ment Health Phys Act. 2017;12:10-8.

Lee TMC, Wong ML, Lau BW-M, Lee JC-D, Yau S-Y, So K-F. Aerobic exercise
interacts with neurotrophic factors to predict cognitive functioning in
adolescents. Psychoneuroendocrinology. 2014,39:214-24.
Cadenas-Sanchez C, Migueles JH, Esteban-Cornejo |, Mora-Gonzalez

J, Henriksson P, Rodriguez-Ayllon M, et al. Fitness, physical activity and
academic achievement in overweight/obese children. J Sports Sci.
2020;38(7):731-40.

Biddle SJH, Ciaccioni S, Thomas G, Vergeer . Physical activity and mental
health in children and adolescents: An updated review of reviews and an
analysis of causality. Psychol Sport Exerc. 2019;42:146-55.

Troiano RP, McClain JJ, Brychta RJ, Chen KY. Evolution of acceler-

ometer methods for physical activity research. Br J Sports Med.
2014;48(13):1019-23.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 14 of 15

Wijndaele K, Westgate K, Stephens SK, Blair SN, Bull FC, Chastin

SFM, et al. Utilization and Harmonization of Adult Accelerom-

etry Data: Review and Expert Consensus. Med Sci Sports Exerc.
2015;47(10):2129-39.

Rowlands AV, Edwardson CL, Davies MJ, Khunti K, Harrington DM, Yates
T. Beyond Cut Points: Accelerometer Metrics that Capture the Physical
Activity Profile. Med Sci Sports Exerc. 2018;50(6):1323-32.

Buchan DS, McLellan G, Donnelly S, Arthur R. The use of the intensity
gradient and average acceleration metrics to explore associations with
BMI z-score in children. J Sports Sci. 2019;37(23):2751-8.

Fairclough SJ, Taylor S, Rowlands AV, Boddy LM, Noonan RJ. Average
acceleration and intensity gradient of primary school children and
associations with indicators of health and well-being. J Sports Sci.
2019;37(18):2159-67.

Artero EG, Ruiz JR, Ortega FB, Espafia-Romero V, Vicente-Rodriguez G,
Molnar D, et al. Muscular and cardiorespiratory fitness are indepen-
dently associated with metabolic risk in adolescents: the HELENA
study. Pediatr Diabetes. 2011;12(8):704-12.

Agostinis-Sobrinho CA, Ramirez-Vélez R, Garcia-Hermoso A, Moreira C,
Lopes L, Oliveira-Santos J, et al. Low-grade inflammation and muscular
fitness on insulin resistance in adolescents: Results from LabMed Physi-
cal Activity Study. Pediatr Diabetes. 2018;19(3):429-35.

Bugge A, EI-Naaman B, McMurray RG, Froberg K, Nielsen CH, Miil-

ler K, et al. Inflammatory Markers and Clustered Cardiovascular
Disease Risk Factors in Danish Adolescents. Horm Res Paediatr.
2012;78(5-6):288-96.

Dring KJ, Cooper SB, Morris JG, Sunderland C, Foulds GA, Pockley AG,
et al. Multi-Stage Fitness Test Performance, V'O2 Peak and Adiposity:
Effect on Risk Factors for Cardio-Metabolic Disease in Adolescents.
Front Physiol. 2019;31(10):629.

Nielsen AR, Pedersen BK. The biological roles of exercise-

induced cytokines: IL-6, IL-8, and IL-15. Appl Physiol Nutr Metab.
2007;32(5):833-9.

Nadeau L, Aguer C. Interleukin-15 as a myokine: mechanistic insight
into its effect on skeletal muscle metabolism. Appl Physiol Nutr Metab.
2019;44(3):229-38.

Hillman CH, Castelli DM, Buck SM. Aerobic Fitness and Neurocogni-
tive Function in Healthy Preadolescent Children. Med Sci Sports Exerc.
2005;37(11):1967-74.

Davis CL, Cooper S. Fitness, fatness, cognition, behavior, and academic
achievement among overweight children: Do cross-sectional associa-
tions correspond to exercise trial outcomes? Prev Med. 2011;52:565-9.
Fortune JM, Kelly AM, Robertson IH, Hussey J. An investigation into the
relationship between cardiorespiratory fitness, cognition and BDNF in
young healthy males. Neurosci Lett. 2019;704:126-32.
Adelantado-Renau M, Jiménez-Pavén D, Beltran-Valls MR, Ponce-
Gonzalez JG, Chiva-Bartoll O, Moliner-Urdiales D. Fitness and academic
performance in adolescents. The mediating role of leptin: DADOS study.
Eur J Pediatr. 2018;177(10):1555-63.

Westfall DR, Gejl AK, Tarp J, Wedderkopp N, Kramer AF, Hillman CH, et al.
Associations Between Aerobic Fitness and Cognitive Control in Adoles-
cents. Front Psychol. 2018;14(9):1298.

Williams RA, Cooper SB, Dring KJ, Hatch L, Morris JG, Sunderland C, et al.
Effect of football activity and physical fitness on information process-
ing, inhibitory control and working memory in adolescents. BMC Public
Health. 2020;20(1):1398.

Arslanian SA. Type 2 Diabetes Mellitus in Children: Pathophysiology
and Risk Factors. J Pediatr Endocrinol Metab. 2000. Jan 1 [cited 2020

Jul 23];13(Supplement). Available from: https://www.degruyter.com/
doi/https://doi.org/10.1515/jpem-2000-5612

Huang T, Chen Z, Shen L, Fan X, Wang K. Associations of Cognitive
Function with BMI, Body Fat Mass and Visceral Fat in Young Adulthood.
Medicina (Mex). 2019;55(6):221.

Mamrot P, Han¢ T. The association of the executive functions with over-
weight and obesity indicators in children and adolescents: A literature
review. Neurosci Biobehav Rev. 2019;107:59-68.

Meo SA, Altuwaym AA, Alfallaj RM, Alduraibi KA, Alhamoudi

AM, Alghamdi SM, et al. Effect of Obesity on Cognitive Function

among School Adolescents: A Cross-Sectional Study. Obes Facts.
2019;12(2):150-6.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6558106/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6558106/
https://doi.org/10.1515/jpem-2000-s612

Williams et al. BMC Pediatrics

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54

55.

56.

57.

58.

59.

60.

61.

62.

(2022) 22:75

Cooper SB, Bandelow S, Nevill ME. Breakfast consumption and cognitive
function in adolescent schoolchildren. Physiol Behav. 2011;103(5):431-9.
Cooper SB, Bandelow S, Nute ML, Morris JG, Nevill ME. Breakfast glycae-
mic index and cognitive function in adolescent school children. Br J Nutr.
2012;107(12):1823-32.

Moore SA, McKay HA, Macdonald H, Nettlefold L, Baxter-Jones ADG,
Cameron N, et al. Enhancing a Somatic Maturity Prediction Model. Med
Sci Sports Exerc. 2015;47(8):1755-64.

Cole TJ. Establishing a standard definition for child overweight and obe-
sity worldwide: international survey. BMJ. 2000;320(7244):1240-1240.
Tomkinson GR, Lang JJ, Blanchard J, Léger LA, Tremblay MS. The 20-m
Shuttle Run: Assessment and Interpretation of Data in Relation to Youth
Aerobic Fitness and Health. Pediatr Exerc Sci. 2019;31(2):152-63.

World Health Organization. Waist circumference and waist-hip ratio:
report of a WHO expert consultation, Geneva, 8-11 December 2008.
Geneva: World Health Organization; 2011.

Klein S, Allison DB, Heymsfield SB, Kelley DE, Leibel RL, Nonas C, et al.
Waist Circumference and Cardiometabolic Risk: A Consensus Statement
from Shaping America’s Health: Association for Weight Management and
Obesity Prevention; NAASO, The Obesity Society; the American Society
for Nutrition; and the American Diabetes Association. Diabetes Care.
2007,30(6):1647-52.

Frese EM, Fick A, Sadowsky SH. Blood Pressure Measurement Guidelines
for Physical Therapists: Cardiopulm. Phys Ther J. 2011,22(2):5-12.
Smeltzer SC, Bare BG, Hinkle JL, Cheever KH. Brunner & Suddarth’s
Textbook of Medical-Surgical Nursing, 12th Edition. 12th ed. Philadelphia:
Wolters Kluwer Health; 2010.

Matthews DR, Hosker JR, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function
from fasting plasma glucose and insulin concentrations in man. Diabeto-
logia. 1985;28(7):412-9.

Aldo P, Marusov G, Svancara D, David J, Mor G. Simple Plex. A Novel Multi-
Analyte, Automated Microfluidic Immunoassay Platform for the Detec-
tion of Human and Mouse Cytokines and Chemokines. Am J Reprod
Immunol. 2016;75(6):678-93.

Cooper SB, Dring KJ, Morris JG, Sunderland C, Bandelow S, Nevill ME. High
intensity intermittent games-based activity and adolescents'cognition:
moderating effect of physical fitness. BMC Public Health. 2018;18(1):603.
Migueles JH, Rowlands AV, Huber F, Sabia S, van Hees VT. GGIR: A
Research Community-Driven Open Source R Package for Generating
Physical Activity and Sleep Outcomes From Multi-Day Raw Accelerom-
eter Data. J Meas Phys Behav. 2019;2(3):188-96.

van Hees VT, Gorzelniak L, Dean Ledn EC, Eder M, Pias M, Taherian S, et al.
Separating Movement and Gravity Components in an Acceleration Signal
and Implications for the Assessment of Human Daily Physical Activity.
Muller M, editor. PLoS One. 2013;8(4):e61691.

Bates D, Mdchler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models
Using Ime4. J Stat Softw. 2015. [cited 2021 May 11];67(1). Available from:
http://wwwjstatsoft.org/v67/i01/

Montgomery DC, Peck EA. Introduction to linear regression analysis. Fifth.
New York: Wiley; 2012.

Rinnov A, Yfanti C, Nielsen S, Akerstrém TCA, Peijs L, Zankari A, et al.
Endurance training enhances skeletal muscle interleukin-15 in human
male subjects. Endocrine. 2014;45(2):271-8.

Mora-Gonzalez J, Esteban-Cornejo |, Solis-Urra P, Migueles JH, Cadenas-
Sanchez C, Molina-Garcia P, et al. Fitness, physical activity, sedentary time,
inhibitory control, and neuroelectric activity in children with overweight
or obesity: The ActiveBrains project. Psychophysiology. 2020. Jun [cited
2021 May 111;,57(6). Available from: https://onlinelibrary.wiley.com/doi/
abs/https://doi.org/10.1111/psyp.13579

Hotting K, Roder B. Beneficial effects of physical exercise on neuroplasti-
city and cognition. Neurosci Biobehav Rev. 2013;37(9):2243-57.

Diaz KM, Shimbo D. Physical Activity and the Prevention of Hypertension.
Curr Hypertens Rep. 2013;15(6):659-68.

Faroog MA, Parkinson KN, Adamson AJ, Pearce MS, Reilly JK, Hughes

AR, et al. Timing of the decline in physical activity in childhood and
adolescence: Gateshead Millennium Cohort Study. Br J Sports Med.
2018;52(15):1002-6.

Shankar RR, Eckert GJ, Saha C, Tu W, Pratt JH. The Change in Blood Pres-
sure during Pubertal Growth. J Clin Endocrinol Metab. 2005;90(1):163-7.

Page 15 of 15

63. Rubin DA, Hackney AC. Inflammatory Cytokines and Metabolic Risk
Factors during Growth and Maturation: Influence of Physical Activity. In:
Jurimae J, Hills AP, Jirimae T, editors. Medicine and Sport Science. Basel:
KARGER. 2010. [cited 2021 May 11]. p. 43-55. Available from: https://
www.karger.com/Article/FullText/321971

64. Eder K, Baffy N, Falus A, Fulop AK. The major inflammatory mediator
interleukin-6 and obesity. Inflamm Res. 2009;58(11):727-36.

65. Shuster A, Patlas M, Pinthus JH, Mourtzakis M. The clinical importance of
visceral adiposity: a critical review of methods for visceral adipose tissue
analysis. Br J Radiol. 2012;85(1009):1-10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.jstatsoft.org/v67/i01/
https://doi.org/10.1111/psyp.13579
https://www.karger.com/Article/FullText/321971
https://www.karger.com/Article/FullText/321971

	Physical fitness, physical activity and adiposity: associations with risk factors for cardiometabolic disease and cognitive function across adolescence
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experimental design
	Participants
	Measurements
	Physical fitness
	Blood pressure
	Capillary blood sample
	Blood sample analysis
	Cognitive function tests
	Assessment of physical activity

	Statistical analysis

	Results
	Associations between physical activity, physical fitness and adiposity with risk factors for cardiometabolic disease
	Associations between physical fitness, physical activity and adiposity with cognitive function

	Discussion
	Conclusions
	Acknowledgements
	References


